. Effect of the structure of Ni nanoparticles on the electrocatalytic activity of Ni@Pd/C for formic acid oxidation. Abstract Ni@Pd/C catalysts were synthesized, using Ni/C with different crystalline structures prepared with various ligands. A series of characterizations were performed by transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy. The results indicated the electrocatalysts with amorphous/crystalline (denoted as Nia and Nic) Ni structures decorated with Pd. The formic acid electrocatalytic oxidation results showed that the peak current of Nia@Pd/C was about 1.2 times higher than that of Nic@Pd/C. The good electrochemical performance and stability of Pd-modified amorphous Ni substrate reveals that the core structure plays an important role in the electrocatalytic activity and the change of the structure can improve the activity and stability of electrocatalysts.
Introduction
If the goals of attaining practical power levels and reducing manufacturing costs are reached, direct formic acid fuel cells (DFAFC) may become promising alternative portable power sources [1e3] . Among problems that still need to be overcome are insufficient electro-catalytic activity of the anode catalyst for formic acid oxidation and catalyst deactivation due to formic acid oxidation on noblemetal catalysts that generates intermediates such as CO that can be adsorbed on the noble-metal catalysts' surface [4] . Although Pd/C electrocatalyst exhibited much better activity than Pt/C, its activity was still not satisfactory, and more importantly its durability was in urgent need for further improvement because of rapid deactivation of this catalyst [4e6] . Hence, it is important to develop new catalysts with high activity and stability for formic acid oxidation.
To increase the catalysis activity and reduce noble-metal loading, bimetallic catalysts of palladium alloyed with a non-noble-metal are often used [5,7e9] . Among different bimetallic catalysts, PdNi alloy catalyst has attracted most attention owing to its strong formic acid oxidation enhancement [10e12] . PdNi bimetallic alloy not only increases the active surface area of the Pd-based catalysts, offering more active sites necessary for the formic acid dissociation, but also results in the modification of electronic structure of palladium by Ni atoms which facilitate the removal of poisoning intermediates on Pd [13] . However, PdNi alloy catalytic activity still remains a major limiting factor in the overall cell performance.
Recently, the tailored design of noble-metal bimetallic hetero-nanostructures has attracted considerable interest [14e17] . The catalytic properties of the heteronanostructures are strongly dependent on their sizes, shapes, and compositions [18] . A good control of the structural features and compositions is highly favorable for the creation of new noble metal nanocatalysts with enhanced catalytic performance and improved noble metal utilization efficiency [19] . Arranging noble metals as shells on proper non-noble metal cores not only greatly reduces their usage but also could significantly enhance their catalytic properties, as a result of the synergistic structural and electronic effects of the two metals [20] . In other words, the design of novel core and/or shell structure is a rational way to reduce the cost of the catalyst and enhance its activity and stability.
Compared to conventional crystalline metals, a metal in an amorphous state could present unique compositions and surface structures for molecular reactions, which make it interesting candidate for catalytic applications [21e23]. The lattice defects in an amorphous metal can result in not only distinct effects in mediating the electronic structure but also tuning the atomic arrangement and coordination of the outer shell of the catalyst [24e27]. Amorphous alloys have attracted much attention due to their superior electronic, magnetic, and chemical properties, as well as practical or potential applications in various fields [22, 24, 28] .
On the basis of this concept, localization of Pd as a shell on an amorphous Ni core could be expected to both decrease the usage of Pd and enhance its catalytic activity. Although many studies have been focused on coreeshell structured nanoparticles, employing amorphous metal as a core has been rarely reported [26, 29] . Thus, the synthesis of Ni@Pd coreeshell structure catalysts with Ni cores in different crystalline states and comparison of their catalytic activities is of great interest. In this article, a two-step method to prepare carbon supported palladium decorated nickel nanoparticles with different structures suitable for electrocatalystic applications and its formic acid oxidation activity and stability in a three-compartment electrochemical cell is presented.
Experimental

Preparation of Ni@Pd/C catalysts
In a typical procedure, Ni/C catalysts with different crystallinity were prepared by using two different ligands as follows. Nickel (II) chloride hexahydrate (NiCl 2 $6H 2 O) (303 mg) was dissolved in solution containing 25 mL water and 25 mL ethanol. The ligands were added to the solution to produce different metal structures. To obtain crystal metal Ni (denoted as Ni c /C), 750 mg sodium citrate was used; and for amorphous Ni (denoted as Ni a /C), 760 mg EDTA was used. The pH of http://repository.uwc.ac.za 3 the system was adjusted to w14 by the addition of KOH with vigorous stirring for 0.5 h. Pretreated carbon black Vulcan XC72R (300 mg) was added to the mixture under stirring. Subsequently, 15 mL of hydrazine hydrate was added. The mixture was then transferred to a Teflon lined autoclave and the temperature was maintained at 120 o C for 4 h. The resultant precipitate was collected by filtration, washed 5 times with deionized water and dried in vacuum at 60 o C for 12 h. Afterward, 41.7 mg of PdCl 2 was transferred into two 100 mL beakers. Two drops of concentrated HCl acid was added to each beaker, and then the mixture was treated in an ultrasonic bath for several minutes. After that, 30 mL of ethylene glycol (EG) were introduced into the PdCl 2 mixture. Its pH value was adjusted to w10 by 5% KOH/EG solution. The Ni a / C and Ni c /C powders obtained earlier were added to the each flask and the mixture was sonicated for 30 min. Subsequently, the mixture was heated at 160 o C for 8 h. The product was collected by filtration, rinsed 10 times with deionized water and dried overnight in a vacuum oven. The products were denoted Ni a @Pd/C and Ni c @Pd/C.
2.2.
Characterization The catalysts were characterized by recording their X-ray diffraction (XRD) patterns on a Shimadzu XD-3A diffractometer, using filtered Cu-Ka radiation. Transmission electron microscopy (TEM) measurements were carried out on a JEM-2010 electron microscope with the acceleration voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) (PHI-5702 America) was conducted with a monochromatic Al Ka X-ray source (hn ¼ 29.35 eV). The chemical composition of the samples was determined using the energy dispersive X-ray analysis (EDX) technique coupled to the TEM and an IRIS advantage inductively coupled plasma atomic emission spectroscopy (ICP-AES) system (Thermo, America).
The electrochemical measurements of catalysts were performed on an Autolab electrochemical work station PGSTAT128N. A common three-electrode electrochemical cell was used for the measurements. The counter and reference electrodes were a platinum wire and an Ag/AgCl (3 M KCl) electrode, respectively. The working electrode was a glassy carbon disk (5 mm in diameter). The thin-film electrode was prepared as follows: 5 mg of catalyst was dispersed ultrasonically in 1 mL Nafion/ethanol (0.25% Nafion). 8 mL of the dispersion was transferred onto the glassy carbon disk using a pipette, and then dried in the air. The catalysts were characterized by cyclic voltammetry (CV) and chronoamperometry (CA) tests at room temperature. Before each measurement, the solution was purged with high purity N 2 gas for at least 30 min to ensure O 2 free measurements. All current density values in this article are normalized to the electrode surface area.
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3.
Results and discussion Fig. 1 shows the XRD patterns of Ni a @Pd/C, Ni c @Pd/C, Ni a /C and Ni c /C nanoparticles. For comparison, the pattern of the carbon-supported Pd catalyst is also shown in this figure.
The first peak located at about 24. Fig. 2 shows TEM, high resolution TEM (HRTEM) and EDX pattern of Ni a @Pd/C and Ni c @Pd/C catalysts. It can be noted that the Ni a @Pd/C and Ni c @Pd/C nanoparticles are highly dispersed on the carbon support with the narrow size distribution. The uniform particle dispersion of Ni a @Pd/C and Ni c @Pd/C catalysts may result from the homogeneous size distribution of Ni core nanoparticles on carbon support. The Pd nanoparticles grow on Ni substrate rather than carbon support mainly because the interactions between metals and defective carbon are weaker than those between metals and metals. The TEM image shows that the size of Ni a @Pd/C particles is smaller than that of Ni c @Pd/C. The average particle size of Ni a @Pd/C and Ni c @Pd/C catalyst is approximately 4.8 nm and 5.2 nm, respectively, which is obtained from the measurement which involved one hundred particles. The selected area electron diffraction (SAED) pattern (inset of Fig. 2D ) of Ni c @Pd/C catalyst showed concentric rings, composed of bright discrete diffraction spots, that were indexed to (111), (220), (311), and (331) crystal planes of fcc structure, indicating the high degree of crystallinity of individual nanoparticles. However, the SAED pattern (inset in Fig. 2A ) of Ni a @Pd/C only shows inexplicit rings, thus indicating that the core of Ni c @Pd/C catalysts exists mainly in the amorphous state.
A HRTEM study of a series of Ni a @Pd/C (Fig. 2B) and Ni c @Pd/ C (Fig. 2E) catalysts shows that Pd on the surface of the nanoparticles has a polycrystalline structure. The measured distance between the two nearest atom rows for Ni a @Pd/C and Ni c @Pd/C is 0.22 nm, which is close to the (111) interplanar distance of pure Pd, suggesting that Pd atoms are dispersed on the outer layer of Ni particles and not alloyed with Ni nanoparticles. The EDX result indicates the atomic ratio of Pd/Ni of Ni a @Pd/C and Ni c @Pd/C is ca. 1:1.2 and 1:1.9, respectively (as shown in Fig. 2C and F).
X-ray photoelectron spectroscopy (XPS) was used to determine the surface composition and the surface oxidation states of the catalytic metals. The spectrum corresponding to Pd 3d indicates the presence of Pd in two different oxidation states (0 and II) with the predominance of the metallic state. As displayed in Fig. 3 , the spectrum showed only two asymmetric Pd peaks assigned to Pd 3d 5/2 and Pd 3d 3/2 having a binding energy of 341 eV and 336 eV, typical of Pd metal. The peaks of Pd 3d 5/2 at around 342 eV and Pd 3d 3/2 at 337 eV are assigned to Pd(II) in PdO [30] . Comparison of binding energies of Pd 3d 5/2 and Pd 3d 3/2 for Ni c @Pd/C and Ni a @Pd/C is presented in Table 1 .
http://repository.uwc.ac.za 6 The percentages of Pd (0) and Pd (II) for Ni c @Pd/C and Ni a @Pd/C were obtained by calculating the relative areas of corresponding peaks, which are 95.3% of Pd (0) Fig. 4a . The adsorption/desorption peak of atomic hydrogen on the nanostructure can be observed between -0.2 and 0.1 V vs. Ag/ AgCl. The large anodic peak at more negative potential is related to hydrogen desorption from the bulk of particles, whereas the small anodic one at more positive potential is ascribed exclusively to oxidation of hydrogen adsorbed on the surface of particles.
The formation of cathodic peak is considered to be an inverse process of hydrogen desorption, more exactly the adsorption of hydrogen on the particle surface. The http://repository.uwc.ac.za
CO poisoning is a major issue for current application of noble metals as catalyst in fuel cells because the active-specific area (S EAS ) of the catalyst is reduced during operation due to adsorption of CO molecules that are generated from the partial oxidation of formic acid and diffuse through the membrane into the cathode. The CVs for CO electro-oxidation on the catalysts of Ni a @Pd/C and Ni c @Pd/C are shown in Fig. 4b . It can be observed that hydrogen desorption peaks for both catalysts are absent in the first scan in the hydrogen region of the CO stripping curve (-0.2 to 0.1 vs Ag/ AgCl), this indicating nearly complete coverage of Pd active sites with CO. However, hydrogen desorption peaks recover in the second cycle after CO is completely removed by oxidation. It can be seen that the onset potential of CO electro-oxidation with Ni a @Pd/C (0.69 V) is lower than that of Ni c @Pd/C (0.73 V), which demonstrates that crystallinity of Ni influences the CO oxidation ability (the onset oxidation potential). The peak potential of Ni a @Pd/C and Ni c @Pd/C are 0.82 V and 0.83 V, respectively. The lower peak potential and onset potential of CO ads oxidation on Ni a @Pd/C indicate that Ni a @Pd/C catalyst is kinetically more active for this process [31] . The S EAS of the catalyst is calculated using the equation [32] :
where S EAS is the electrochemical active surface area of different catalysts, Q CO is the charge for CO desorption electro-oxidation in microcoulombs (mC), 484 is the charge required to oxidize a monolayer of CO on the catalyst in mC cm -2 and w is the Pd loading, respectively. The results of S EAS are 64.55 and 57.60 m 2 g -1 , for Nic@Pd/C and Nia@Pd/C, respectively.
http://repository.uwc.ac.za It has been reported that the electrooxidation of formic acid on Pd nanoparticles adopts a dual path mechanism, a dehydrogenation path to the direct formation of CO 2 and a dehydration path, and that the adsorption of CO intermediate from the dehydration path significantly poisons the activity of Pd catalysts [21] according to the following mechanism: 9 The reaction of dehydration (2) as the main path is by many orders of magnitude more efficient than the paths 3 and 4. It is obvious that the current density of the peak at around 0.2 V (through the direct pathway) is much larger than that at 0.4e0.5 V representing the CO pathway. Thus it can be suggested that the oxidation of formic acid on both prepared catalysts proceeded mainly through the direct pathway. Fig. 4d shows the chronoamperometric curves of formic acid oxidation in 0.5 mol L -1 HCOOH in 0.5 mol L -1 H 2 SO 4 solution at 0.1 V vs. Ag/AgCl at room temperature on Ni a @Pd/C and Ni c @Pd/C electrodes. When the potential is fixed, continuous formic acid oxidation occurs on the electrocatalyst surface at 0.1 V vs. Ag/AgCl. A decrease of current density was recorded at the beginning of the experiment. Both Ni a @Pd/C and Ni c @Pd/C electrodes showed rapid current decay and low final current density. This indicates that the Ni a @Pd/C and Ni c @Pd/C surface is prone to poisoning by formic acid.
Long-term poisoning rates (ð) were obtained by measuring the liner decay of the current at times greater than 500 s using the following equation [33] :
http://repository.uwc.ac.za where ðdi=dtÞ t>500 is the slope of the linear portion of the current decay and i0 is the current at the start of polarization back-extrapolated from the linear current decay, respectively. It is established that the formic acid oxidation reaction proceeds through the formation of reactive intermediates (HCOOads) and the ultimate poisoning species (COads) on the Pd group of metals. The d of Nia@Pd/C and Nic@Pd/C is 0.08 and 0.10, indicating that Nia@Pd/C is more stable catalyst.
4.
Conclusions Carbon-supported Ni@Pd coreeshell nanoparticulate catalysts with different crystallization degree of Ni are synthesized and characterized. The results of XRD, TEM and XPS showed that amorphous/crystalline Ni as a seed impacts on the structure of Pd outer layer. Electrochemical results proved that Pd reduced on amorphous Ni substrate has better electrochemical performance, which was attributed to the unique structure of amorphous metal. Thus, controlling the crystallinity of Ni substrate by using different ligands represents a promising approach to improve the catalytic activity of coreeshell Ni@Pd bimetallic catalyst nanoparticles toward formic acid oxidation.
